Mineral nutrients taken up from the soil become incorporated into a variety of important compounds with structural and physiological roles in plants. We summarize how plant nutrients are linked to many metabolic pathways, plant hormones and other biological processes. We also focus on nutrient uptake, describing plant-microbe interactions, plant exudates, root architecture, transporters and their applications. Plants need to survive in soils with mineral concentrations that vary widely. Describing the relationships between nutrients and biological processes will enable us to understand the molecular basis for signaling, physiological damage and responses to mineral stresses.
Plants produce organic matter from mineral elements absorbed from the soil and atmosphere. Thus, the essential elements are fundamentally important for plant physiology. Plants require 17 essential elements for completion of their life cycle, namely C, H, O, Ca, K, Mg, N, S, P, Cl, B, Cu, Fe, Mn, Mo, Ni and Zn. Deprivation of even one of these essential elements causes physiological disorders, e.g. cell death under B deprivation ( Koshiba et al. 2009 ). Elements that stimulate growth and may be essential to particular species are defi ned as benefi cial elements. The fi ve most investigated benefi cial elements are Al, Co, Na, Se and Si ( Pilon-Smits et al. 2009 ). The availability of plant genome sequences and the development of molecular biological techniques have accelerated the identifi cation of pathways assimilating these elements and the genes responsible, and now focus is moving towards the regulation of these pathways and cross-talk between them. The fi rst part of this review describes the cross-talk between nutritional metabolic pathways and how they are linked to other metabolic pathways and biological processes, exemplifying recent 'omics' analyses and other studies relating to S, N and P.
Sulfur (S)
A link between S and N metabolism has been known for many years, with deprivation of one disrupting the metabolism of the other ( Reuveny et al. 1980 , Prosser et al. 2001 . Using the sulfur-responsive seed storage protein gene as a model, Kim et al. (1999) showed that O -acetyl-L -serine (OAS), the direct precursor of cysteine synthesis in higher plants, is a key mediator of sulfur and nitrogen nutrition-regulated gene expression. OAS is located at the convergence of the S and N assimilation pathways, and its concentration changes in response to the N/S ratio in the growth medium. Hirai et al. (2003 Hirai et al. ( , 2004 showed a good correlation in the transcript and metabolite profi les produced by S defi ciency ( − S) with those produced by OAS treatment. The role of OAS as a regulator of S-responsive genes was also demonstrated by an Arabidopsis mutant accumulating OAS ( Ohkama-Ohtsu et al. 2004 ) .
Transcriptomic and metabolomic analyses in response to − S uncovered a connection between S nutrition and other metabolic pathways ( Hirai et al. 2003 , Maruyama-Nakashita et al. 2003 , Nikiforova et al. 2003 , Hirai et al. 2004 , Nikiforova et al. 2005 . The early response to − S caused a decrease in cysteine and glutathione (GSH), and accumulation of their precursors OAS and serine. The increase in serine was channeled to tryptophan. Accumulation of tryptophan led in turn to an increase in auxin, probably via indole glucosinolate catabolism, which might trigger root elongation to elevate accessibility to exogenous S. Biosynthesis of another plant hormone, jasmonate (JA), was also induced by − S. Interestingly JA treatment enhanced S assimilation ( Sasaki-Sekimoto et al. 2005 ) , implying the involvement of JA in the − S response. While these early responses are considered to be for adaptation, long-term − S caused physiological disorders resulting from the stress. Long-term − S decreased levels of chlorophyll; this may be caused by decrease in an S-containing metabolite, because S -adenosyl-methionine is required in a late step of chlorophyll biosynthesis. An overall decline in lipid content was likely to be caused by a block in fatty acid synthesis. Two S-containing molecules, acetyl-CoA and acyl carrier protein, are involved in fatty acid synthesis, thus lipid breakdown may be explained by limitation of these S-containing molecules. Long-term − S also induced the catabolism of purine and pyrimidine bases and biosynthesis of ureides, presumably to store excess N and detoxify ammonium.
GSH, a tripeptide of γ -Glu-Cys-Gly, is a good example to illustrate how S nutrition is linked to various biological processes. GSH is thought to be a signal molecule, transmitting S status through the phloem to regulate S assimilation ( Lappartient et al. 1999 ) . In addition it is a major storage and transport form of organic S, as cysteine produced by GSH degradation is used for the synthesis of proteins and other S-containing metabolites ( Leustek 2000 ) . A recent study demonstrated that GSH is also a source of glutamate ( Ohkama-Ohtsu et al. 2008 , Ohkama-Ohtsu et al. 2009 ). Besides its role in S and N metabolism, GSH plays important roles in cellular redox homeostasis. As a component of the ascorbate-GSH cycle, or though the action of GSH peroxidase, GSH detoxifi es H 2 O 2 ( Noctor and Foyer 1998 , Foyer and Noctor 2005 , Foyer and Noctor 2009 ). The ascorbate-GSH cycle also functions in the defense against heavy metals ( Paradiso et al. 2008 ). An Arabidopsis mutant with elevated levels of oxidized glutathione (GSSG) in the apoplast revealed that the redox balance maintained by GSH in the apoplast is important to alleviate oxidative stress ( Ohkama-Ohtsu et al. 2007 , Ohkama-Ohtsu et al. 2009 ). Furthermore, GSH is involved in the regulation of enzymes by reacting with cysteine residues in proteins and thereby altering their folding. The reversible glutathionylation of cysteine residues in proteins, modulated by glutaredoxins, can control enzyme activity and also acts as part of the signal transduction mechanism as plants respond to oxidative stress ( Rouhier et al. 2008 , Foyer and Noctor 2009 ). Redox status regulated by GSH is also likely to be an important factor in plant cell cycle regulation. Arabidopsis plants homozygous for a mutation in the ROOT MERISTEMLESS1 ( RML1 ) gene were unable to establish an active post-embryonic meristem in the root apex ( Vernoux et al. 2000 ) . The RML1 gene encodes the fi rst enzyme of GSH biosynthesis, γ -glutamylcysteine synthetase, and rml1 mutants contained only 3 % of the extractable GSH compared with those of the wild type. Vernoux et al. (2000) showed that the G 1 to S phase transition requires an adequate level of GSH, and depletion of GSH caused downregulation of cell cycle genes. In animal cells, mitogenic signaling pathways activated by growth factors which converge on core cell cycle regulators have been shown to be redox dependent ( Burhans and Heintz 2009 ) , and such transduction pathways mediated by GSH may also exist in plant cells. rml1 mutants with residual amounts of GSH are able to germinate.
However, in T-DNA insertion mutants in the γ -glutamylcysteine synthetase gene, GSH is completely absent and the mutants are embryo lethal. Analysis of these null mutants demonstrated that GSH biosynthesis within the embryo is required for proper seed maturation ( Cairns et al. 2006 ) . Studies with another allelic mutant, pad2-1 , which contains about 20 % of the GSH found in wild-type plants, suggested the involvement of GSH in defense against pathogens and insects. pad2-1 accumulated lower amounts of camalexin, a phytoalexin of Arabidopsis, and glucosinolates, a defense compound against herbivores, although it is not completely clear how GSH regulates the amounts of these compounds ( Parisy et al. 2007 , Schlaeppi et al. 2008 . GSH also appears to be a determinant of fl owering, and its synthesis is induced by vernalization ( Ogawa et al. 2001 . Change in the redox state of GSH regulates the differentiation of tracheary elements ( Henmi et al. 2005 ) .
Nitrogen (N)
Transcriptome analyses of the plant response to nitrate revealed links not only between N and S, but also between N and Fe . Application of nitrate in N-starved plants induced nicotianamine synthase genes, which are involved in Fe acquisition, transport and homeostasis in plants ( von Wiren et al. 1999 , Pich et al. 2001 . Fe is required for the activity of many of the enzymes in nitrate assimilation, including nitrate reductase, nitrite reductase and ferredoxin. Therefore, the nitrate-induced nicotianamine synthesis probably occurs in order to facilitate Fe transport to support the synthesis of proteins for nitrate assimilation. Scheible et al. (2004) extended the analysis by combining transcript levels with metabolite concentrations. They analyzed both the rapid response (30 min) and slower response (3 h after nitrate readdition to N-starved seedlings). Nitrate was increased in seedlings within 10 min, but glutamate, glutamine, starch, sugars, 2-oxoglutarate and medium pH were unchanged after 30 min. At 30 min after nitrate readdition, genes for nitrate uptake and assimilation were strongly induced, coinciding with the induction of genes needed to provide reducing equivalents, such as genes for production of NADH or reduced ferredoxin. Genes required for the production of organic acids, which act as acceptors of assimilated nitrate and as counter anions to replace nitrate and maintain the pH balance ( Scheible et al. 1997 ) , were rapidly induced. These changes were followed by induction of genes promoting the synthesis of amino acids, purines and pyrimidines, and conversely the repression of genes promoting breakdown of these compounds. Slower responses included the induction of genes involved further downstream in N use, such as the synthesis of RNAs, proteins and cell walls. As for lipid metabolism, genes for galactolipid synthesis were repressed by nitrate readdition, meaning that plants save the N contained in the polar group under N starvation, just as they save the P contained in the polar group under P starvation. Nitrate readdition led to coordinated repression of the genes for phenylpropanoid and fl avonoid metabolism. This was consistent with a decline in the concentrations of most of the phenylpropanoids and fl avonoids examined, although changes in metabolites were delayed compared with changes in transcripts. Interestingly, nitrate induced several genes annotated as homologous to enzymes of alkaloid synthesis, suggesting that there is a shift into N-rich secondary metabolites. Expression of genes involved in hormone synthesis and sensing was also changed by nitrate. Several genes involved in cytokinin synthesis and signaling were induced within 30 min, and further genes involved in cytokinin signaling were induced by 3 h. It is known that nitrate rapidly induces cytokinin biosynthesis ( Takei et al. 2001 ) , and cytokinin is thought to transmit signaling from nitrate ( Sakakibara et al. 2006 ) . It is proposed that there are two routes for the nitrate response. The nitratespecifi c route includes nitrate assimilation and the synthesis of macromolecules such as amino acids and nucleotides. The cytokinin-mediated route includes promotion of development, and synthesis of proteins and cell walls ( Sakakibara et al. 2006 ) . One gene involved in brassinosteroid synthesis and several genes involved in gibberellin synthesis were also induced by 3 h, and genes for ethylene synthesis and sensing were repressed. These results indicate that one of the early responses to nitrate is the reprogramming of hormone metabolism and sensing. Two other plant hormones, auxin and ABA, are implicated in high nitrate-induced inhibition of lateral roots ( Liu et al. 2009 ), indicating a link between N nutrition and these hormones, too.
Phosphorus (P)
Global changes in response to P were analyzed by several groups using transcriptomics ( Wasaki et al. 2003 , Misson et al. 2005 , Wasaki et al. 2006 , metabolite profi ling ( Huang et al. 2008 ) or multilevel analysis (transcriptomics with metabolites and enzyme activities; Morcuende et al. 2007 ). As had been known for many years, P starvation ( − P) rapidly induced phosphate transporters and acid phosphatases. The new discovery was that − P induced glycolysis, probably to produce organic acids which would allow recycling of P from phosphorylated intermediates. Organic acids are also known to release phosphate from organic or insoluble inorganic phosphate compounds outside the plant. Induction of genes for carbohydrate synthesis by − P can also be explained by recycling P from phosphorylated intermediates, further supported by the observed increase in levels of saccharides and decrease in phosphorylated intermediates ( Morcuende et al. 2007 , Huang et al. 2008 . In contrast to the general repression of amino acid synthesis by − N, − P led to more restricted changes such as the induction of aromatic amino acid synthesis ( Morcuende et al. 2007 , Huang et al. 2008 . − P repressed the synthesis of nucleic acids and proteins, and genes required for photosynthesis. Rearrangement of cell wall components was also suggested to be induced by − P. As for lipids, genes involved in the synthesis of galacto-and sulfolipids were strongly induced by − P, which suggests the replacement of phospholipids by these lipids. Mission et al. (2005) observed induction of genes for sulfate transporters and an increase in sulfate content, which possibly meets the demand for increased sulfolipid synthesis under − P. Cross-talk between P and Fe was demonstrated by Mission et al. (2005) with Arabidopsis and by Wasaki et al. (2003) with rice. In Arabidopsis, the iron transporter IRT1 was suppressed in roots by − P, while AtFER , encoding a protein involved in iron storage in the chloroplast, was induced in leaves. These expression data correlated with the elevated concentrations of Fe in plants under − P ( Mission et al. 2005 ) . In rice, homologs of nicotianamine aminotransferase (NAAT) and a maize transporter of Fe(III)-phytosiderophore were each down-regulated by − P ( Wasaki et al. 2003 ) . When grown under Fe defi ciency, rice plants exude phytosiderophore from their roots in order to obtain Fe from insoluble forms ( Takagi 1976 , Takagi et al. 1984 . It is possible that Fe and phosphate form insoluble compounds in the rhizosphere and thus the + P plants showed a slight iron defi ciency. Wasaki et al. (2003) also suggested cross-talk between P and other metals such as Zn and Al, as changes of gene expression related to these metals occurred under − P.
Omics analysis revealed induction of genes for galactolipid synthesis by − P. Kobayashi et al. (2006) indicated that this induction is not caused by − P-induced cell damage but rather is regulated by P signaling and auxin-cytokinin cross-talk. Auxin has also been shown to regulate root architecture in response to − P, such as promoting lateral root elongation by changing its distribution within root cells ( Nacry et al. 2005 ).
As exemplifi ed above, omics and genetics approaches revealed various new links at the molecular level between plant nutrients and metabolic pathways, plant hormones and other biological processes. Therefore, plant nutrients are important factors to be considered when trying to understand mechanisms in plant physiology. Aside from S, N and P discussed above, other nutrients should also have an infl uence on various biological processes. For example, micronutrients such as Cu, Fe, Mn, Mo, Ni and Zn form complexes with various enzymes and are required for their activity ( Hansch and Mendel 2009 ) . The combination of transcriptomics and metabolomics is one of the effective tools used to clarify cross-talk between metabolic pathways. However, in contrast to other omics approaches, metabolomics requires multiple instruments based on a variety of analytical principles. It is both diffi cult and time consuming to merge the data obtained in different formats and to identify unknown metabolites. The recently developed techniques of high-throughput, widely targeted metabolomics ( Sawada et al. 2009a , Sawada et al. 2009b promise to be a practical and helpful approach.
Cross-Talk in Nutrient Acquisition
In the second part of the review, we focus on nutrient acquisition from the soil. Considering the links between plant nutrients and wider aspects of plant physiology, it is clear that the acquisition and distribution of nutrients are important steps for plants to grow properly. Interactions between plant nutrients are important not only in plant metabolism and physiology as discussed above, but also with regard to nutrient acquisition. Soil microorganisms, such as mycorrhizal fungi, rhizobia and plant growth-promoting rhizobacteria (PGPR), also interact with plants in nutrient dynamics. We discuss recent topics in the interaction of nutritional and biological processes.
Interactions between plant and microbes: a common signaling pathway for infection by rhizobia and arbuscular mycorrhizal fungi
Rhizobia are well known symbiotic bacteria for legume plants. Study of the mechanism and physiology of nodulation is very important for sustainable agriculture, because biological N fi xation contributes signifi cantly to N acquisition for the plants. Lotus japonicus is frequently used as a model legume for studying the physiology and function of nodules. A recent and important example was the demonstration that LjCLE-RS1 and LjCLE-RS2 genes are responsive to Nod factor and nitrate, and are involved in the systemic regulation of nodulation ( Okamoto et al. 2009 ).
Genomic sequencing and the platform of molecular approaches for L. japonicus and its symbiotic bacterium ( Mesorhizobium loti ) were progressed by the Kazusa DNA Research Institute and its consortium ( Kaneko et al. 2000 , Sato et al. 2008 . Many important genes involved in the nodulation pathway have now been identifi ed in L. japonicus and M. loti , and their orthologs have been subsequently identifi ed in important legume crops such as soybean and pea ( Udvardi et al. 2005 , Sato and Tabata 2006 , Stacey et al. 2006 . It is particularly desirable to extend such fi ndings from model plants to important crop plants, with the aim of enhancing sustainable crop production.
It was found that seven L. japonicus genes involved in nodulation were also involved in the process of infection by arbuscular mycorrhizal fungi (AMF) ( Kistner et al. 2005 ) . For example, the mutant of SYMRK , which is involved in the fi rst step of the common signaling pathway, could not be established with either rhizobia or AMF. While rhizobia are prokaryotes and fi x N, AMF are eukaryotes and contribute to P acquisition. It is interesting that plants have developed a common signaling system for symbioses that promote nutrient uptake, in spite of the signifi cant differences between symbionts.
Physiology of organic acid exudation: detoxifi cation of aluminum ions and nutrient uptake
It is known that an abundant quantity of low molecular weight organic acids is found in root exudates ( Somers et al. 2004 ) . It is thought that these organic acids act to chelate metal cations in the rhizosphere. The solubility and toxicity of Al is greater in soils with low pH. To escape the strong toxicity of Al 3 + ions, many plants have developed the ability to secrete citrate or malate from their roots. Sasaki et al. (2004) fi rst identifi ed the ALMT1 gene encoding the Al-activated malate transporter in wheat. ALMT1 was the key factor permitting malate exudation from roots in the Al-tolerant wheat cultivar ET8. Similarly, the MATE (multidrug and toxic compound extrusion)-type citrate transporter was identifi ed in barley ( Furukawa et al. 2007 ) , and contributes to Al tolerance by citrate exudation.
Organic acid exudation is also stimulated by nutrient deficiency. Root-secreted organic acids are important in P acquisition ( Dinkelaler et al. 1989 ) . When plants are grown under P-defi cient conditions, organic acid exudation is stimulated to mobilize P from sparingly soluble forms combined with metal ions in the soil. The citrate channel appears to control the abundant citrate exudation observed from the roots of P-defi cient white lupin plants ( Zhang et al. 2004 ) . It was also suggested that this citrate exudation is coupled with H + -ATPase ( Tomasi et al. 2009 ). In contrast to Al-activated organic acid exudation, the genes encoding transporters for malate or citrate exudation under P defi ciency have not yet been identifi ed. The kinetics of malate and citrate exudation differ between P defi ciency and Al stress ( Ma 2005 ) ; organic acid exudation stimulated by P defi ciency can be controlled by the transporter independently from Al-activated mechanisms.
Mugineic acids (MAs) are released from the roots of Poaceae under iron defi ciency, which is frequently critical in alkaline soils ( Takagi 1984 , Ma 2005 . MAs act as chelating agents for Fe 3 + ions in the rhizosphere. Plant roots take up the MA-Fe 3 + complexes through a specifi c transporter, designated YS1 ( Curie et al. 2001 ) . It was found that NAAT is a key enzyme in the synthesis of MAs in Poaceae plants ( Kanazawa et al. 1994 ) . Introduction of the barley NAAT gene into rice caused an increase in synthesis of MAs and improved the tolerance to Fe defi ciency ( Takahashi et al. 2001 ) . Interactions between Fe and P have been suggested, as mentioned above. It is thought that this cross-talk is primarily related to molecular interactions that occur during nutrient uptake.
Root morphology and nutrient defi ciency: the role of root clusters
Citrate exudation from P-defi cient white lupin is remarkable with regard to a unique root morphology, so-called 'cluster roots' ( Neumann and Martinoia 2002 ) . Cluster roots are the bottlebrush-like dense clusters in the secondary roots ( Fig. 1 ) . They occur in a wide range of families such as Casuarinaceae, Leguminosae and Proteaceae, but in a subset of species within these families ( Skene 1998 , Shane and Lambers 2005 ) . One of the important roles of cluster roots formed under P defi ciency is a marked increase in exudation of organic acids ( Skene 2003 . It is well known that cluster root formation is also stimulated by iron defi ciency ( Arahou and Diem 1997 , Lamont 2003 , McCluskey et al. 2004 ). An exudative burst of citrate under iron defi ciency will contribute to iron uptake because citrate is an iron chelator. Suboptimal N also promotes cluster root formation ( Sas et al. 2002 , Paungfoo-Lonhienne et al. 2009 ). It has been suggested that the cluster roots formed under N defi ciency contribute to N uptake by degrading organic N in the soil ( Paungfoo-Lonhienne et al. 2008 , Paungfoo-Lonhienne et al. 2009 ).
Studies on the function of transporter proteins involved in nutrient acquisition and their applications
In the past decade there has been remarkable progress in the study of transporters involved in plant nutrition. Takano et al. (2002) fi rst isolated the plant B transporter. They also showed that NIP5;1, a NIP family transporter, is required for effi cient uptake of borate ( Takano et al. 2006 ) . Overexpression of NIP5;1 improved the tolerance of B defi ciency ( Kato et al. 2009 ). Three transporters involved in the uptake and translocation of Si, a benefi cial element of Poaceae, were isolated from rice plants ( Ma et al. 2006 , Ma et al. 2007 , Yamaji et al. 2008 . Si transporters are not specifi c to rice, with homologs also identifi ed in maize ). Kawachi et al. (2009) identifi ed a Zn transporter, MTP1, which is required to detoxify excessive Zn. Similarly, AtMRP2 is a transporter detoxifying biotic and abiotic compounds (Frelet-Barrand et al. 2009 ). As mentioned earlier, YS1 is an important transporter of MA-Fe 3 + complexes ( Curie et al. 2001 ) . It is anticipated that the functions of these transporters could be applied to improve nutrient uptake in crop plants.
Many studies have been conducted aimed at improving P accumulation or Al tolerance by increasing organic acid exudation, through the genetic manipulation of metabolic pathways. The effect of citrate overproduction on Al stress was examined by overexpression of citrate synthase (CS) in Pseudomonas aeruginosa ( de la Fuente et al. 1997 , López-Bucio et al. 2000 . Positive effects of citrate overproduction on Al tolerance and P accumulation were also shown in tobacco and papaya plants. Other researchers reported that an increase in citrate exudation occurred upon CS overexpression ( Koyama et al. 1999 , Koyama et al. 2000 , Delhaize et al. 2003 . Repression of isocitrate dehydrogenase (ICDH), which is involved in the degradation of citrate in the tricarboxylic acid (TCA) cycle, caused an increase in internal citrate concentration ( Delhaize et al. 2003 ) . Overexpression of malate dehydrogenase (MDH) of alfalfa caused an increase of exudation of various organic acids and subsequently P accumulation in acid soils ( Tasfaye et al. 2001 ) . Begum et al. (2005) confi rmed that transgenic rice expressing maize phosphoenolpyruvate carboxylase (PEPC) showed an increase in oxalate exudation and accumulated P more than the wild type.
However, not all attempts to improve P accumulation or Al tolerance by increasing organic acid exudation have succeeded. Tesfaye et al. (2001) reported that organic acid exudation and P accumulation were not infl uenced by overexpression of alfalfa PEPC. In contrast to the positive result of CS overexpression reported by de la Fuente et al. (1997) , an additional experiment found that citrate exudation and Al tolerance were not infl uenced by overproduction of citrate ( Delhaize et al. 2001 ) . As the alterations in internal citrate concentrations and citrate effl ux were largely insensitive to large changes in either CS or ICDH activities, the authors concluded that other factors, such as transport out of the roots, control citrate effl ux ( Delhaize et al. 2003 ) . Modifi cation of primary metabolites could affect interactions among nutrients, e.g. the supply of carbon skeletons required for N assimilation. Genetic manipulation of other key transporters would thus be important to ensure the effi cient exudation of organic acids.
Modifi cation of multiple genes could provide options to solve complicated problems. Several studies aimed at improving the use effi ciency of organic P in the soil have been performed by overexpression of phytases or acid phosphatases ( Richardson et al. 2001 , Mudge et al. 2003 , Yip et al. 2003 , Zimmermann et al. 2003 , George et al. 2004 , Lung et al. 2005 , Wasaki et al. 2009 ). Although a signifi cant increase in uptake from soluble organic P in growth media was achieved, the effect on uptake from organic P in soils was only limited ( George et al. 2004 , Wasaki et al. 2009 ). The main reason for this is the solubility of organic P in the soil. In particular, phytate, the major form of organic P accumulated in many soils, is quite sparingly soluble in soil because phytate binds to metal ions with a high affi nity ( Turner 2002 ) . Citrate and malate transporters would be candidates to improve organic P utilization by modifi cation of multiple genes in concert with organic P-degrading enzymes. However, the citrate and malate transporters activated by P defi ciency have not yet been isolated. It was quite recently shown that AtALMT12, a homolog of AtALMT1, is a novel class of anion transporter involved in stomatal closure ( Sasaki et al. 2010 ) . Yokosho et al. (2009) identifi ed OsFRDL1, a rice homolog of the MATE-type citrate transporter. OsFRDL1 is necessary for effi cient translocation of Fe to the shoot as an Fe-citrate complex, which is required for long-distance transport ( Rellán-Álvarez et al. 2010 ). There are many homologs of ALMT and MATE, and they may have various functions. Homologs of ALMT and MATE may therefore include candidate organic acid transporters.
Future Prospects
Some cross-talk among the uptake and related physiologies of different nutrients are still unknown or poorly understood. For example, cross-talk between Zn and P has been reported in the past; Zn-defi cient plants accumulate excessive P ( Parker et al. 1994 ) but the reason for this has not been clarifi ed at the molecular level. We must not forget the likely presence of such unknown interactions when applying our molecular understanding of nutrient acquisition. In the next decade, the link between omics and bioinformatics will provide powerful tools for investigation of cross-talk between nutrients ( Fig. 2 ) . Many web-based tools may be useful in this regard, including the databases of the FOX hunting system ( Ichikawa et al. 2006 , Kuromori et al. 2009 ); GEO, a transcriptomics database ( Edgar et al. 2002 ) ; metabolic maps linked with transcriptomics (KEGG; Kanehisa 1997 , KappaView; Tokimatsu et al. 2005 ); co-expression databases such as ATTED II ( Obayashi et al. 2007 ) ; and the linkage of cross-species information resources PosMedPlus ( Makita et al. 2009 ). In addition, improvements in inductively coupled plasma spectroscopy, either mass spectroscopy (ICP-MS) or optical emission spectroscopy (ICP-OES), over the last few decades have enabled high-throughput elemental profi ling. This ionomic approach is gaining popularity, revealing networks between mineral nutrients. When combined with genetics it would offer a way to identify genes regulating elemental accumulation ( Baxter 2009 ). Furthermore, next-generation sequencing will promote molecular approaches such as transcriptomic analyses in various plant species whose genome has not yet been completely sequenced. It is expected that the genomics or transcriptomics data obtained from nextgeneration sequencing will be applied to further omic studies such as transcriptomics and epigenomics, because it will allow the design of custom-made microarrays. In the fi eld of plantmicrobial interactions, applications could include metagenomic and metatranscriptomic analyses. Recently, Badri et al. (2009) reported the fi rst study of the entire microbial community in the rhizosphere using a pyrosequencer, one of the next-generation DNA sequencers. This metagenomic approach revealed that exudates from a plant with a mutant ATP-binding cassette (ABC) transporter involved in root secretion of phytochemicals cultivated a microbial community with a relatively greater abundance of potentially benefi cial bacteria.
Finally, we would like to emphasize the importance of soil, the original growing medium for plants. Since the materials and organisms in soil are highly heterogenous, simplifi ed experimental systems such as hydroponics and aseptic culture have been developed and utilized in a broad range of research. These methods have certainly contributed to the advancement of plant physiology, but frequently do not represent the nutritional and biological interactions that occur in the soil. If we wish to exploit our knowledge in the fi eld of plant nutrition and sustainable crop production, we should never forget that soil is a plant's native environment. 2 The combination of omics and bioinformatics provides powerful tools for investigating cross-talk between internal/external environments and plant nutrients.
